Introduction
Parkinson's disease (PD) is a major age-related neurodegenerative disorder which is accompanied primarily by motor symptoms, such as resting tremor, rigidity and bradykinesia. It is pathologically characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and the accumulation of aggregated alpha-synuclein in brain stem, spinal cord, and cortex [1] . Several lines of evidence have converged to suggest that environmental neurotoxins, such as rotenone [2] , and mutant proteins, such as DJ-1, PINK1, and LRRK2 [3] , may be importantly involved in the etiopathogenesis of PD.
Long-term, systemic administration of rotenone, a natural substance which is widely used as a pesticide, produces the selective degeneration of dopaminergic neurons and PD-like locomotor symptoms in rats [2] . Among the various animal models of PD, the rotenone model has its own advantages. Firstly, unlike the other models, it reproduces most of the movement disorder symptoms and the histopathological features of PD, including Lewy bodies [4, 5] . Secondly, rotenone is a powerful inhibitor of complex I in the mitochondrial respiration, and recent epidemiological studies suggest the involvement of these toxic compounds in the higher incidence of sporadic Parkinsonism [6] [7] [8] .
Observations have shown that a defect in mitochondrial complex I activity may induce the apoptosis of dopaminergic cells, which may contribute to the neurodegenerative process in PD [9] . Administration of rotenone has been used extensively to create PD models to screen for neuroprotective agents both in vivo [10, 11] and in vitro [12, 13] . Therapeutic efforts aimed at providing protection against apoptosis may be beneficial in PD. In this regard, natural products are attractive sources of chemical structures that could exhibit potent biological activities. Clausena lansium is a fruit tree native to the south of China, and a decoction of its dried leaves was used to treat acute and chronic viral hepatitis in local folk medicine [14] . More recently, there has been [15, 16] . In a previous attempt to detect more information about the biological activities of Clausena lansium, we separated the natural chemicals systematically from the leaves [17] . After preliminary screening, we found that one compound, termed Bu-7, was a biologically active substance. This is a known compound [18] , and the chemical structure of Bu-7 is shown in Figure 1 .
PC12 cells, a cell line established from a rat pheochromocytoma, have many properties in common with primary sympathetic neurons and chromaffin cell cultures, and these cells have been used primarily as neuron models [19] . In this article, we report the protective effect of Bu-7 in PC12 cells against rotenone injury. 
Materials and methods

Drugs and reagents
Compound preparation
The Bu-7 compound was prepared as previously described [17] . Briefly, the air-dried leaves (0.8 kg) of Clausena lansium were extracted with 70% ethanol for 2 h under reflux conditions, and the 70% ethanol extract was concentrated under reduced pressure. Subsequently, it was partitioned with petroleum ether (60-90 °C), ethyl acetate and butyl alcohol, respectively. Cell culture PC12 cells were purchased from the American Type Culture Collection (ATCC). The cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Gibco, USA) supplemented with 5% heat-inactivated fetal bovine serum (Invitrogen, Gibco, USA), 5% equine serum (Thermo Scientific, Hyclone, USA), 100 U/mL penicillin and 100 μg/mL streptomycin. The cultures were maintained in a humidified incubator at 37 °C in an atmosphere of 95% air and 5% CO 2 . The media were changed every two or three days.
Drug treatments
Rotenone and Bu-7 were reconstituted fresh in dimethyl sulfoxide and distilled water, respectively, prior to each experiment. Bu-7 (0.1, 1, 10 μmol/L) was added 0.5 h prior to the rotenone treatment in the cell cultures to evaluate its protective effect.
Cell viability assay
Cell viability was determined using the MTT assay. After incubation with MTT solution for 4 h, the cells were exposed to an MTT-formazan dissolving solution for 8-12 h. The optical density (OD) was then determined using an absorbance microplate reader (Molecular Devices, Toronto, Canada) at a wavelength of 570 nm. The cell viability was expressed as a percentage of the OD value of the control cultures.
Analysis of apoptosis by flow cytometry
The apoptosis rate was measured by flow cytometry, as reported previously [20] . Briefly, PC12 cells were washed with PBS (pH 7.4), fixed in cold 70% (v/v) ethanol, and incubated at -20 °C for at least 2 h. The fixed cells were harvested by centrifugation at 250×g for 5 min. The cell pellets were resuspended in PBS at room temperature for 10 min, and after another centrifugation, the cell pellets were resuspended in PBS containing 0.2 g/L RNase A and incubated at 37 ºC for 30 min. The cells were then stained with propidium iodide (PI) at a final concentration of 100 μg/mL at 4 ºC for 30 min. The suspensions were analyzed using a FACS scan flow cytometer (Becton Dickinson). 
Measurement of mitochondrial membrane potential (MMP)
Changes in the inner MMP were determined by incubating with 10 μg/mL of Rhodamine 123 for 30 min at 37 ºC in the dark. The cells were then washed with PBS three times, and the fluorescence intensity was determined using flow cytometry. JC-1 was also used to measure the change of the inner MMP. PC12 cells were incubated with 10 μg/mL JC-1 at 37 ºC. JC-1 accumulates in the mitochondria, forming red fluorescent aggregates at high membrane potentials; at a low membrane potential, JC-1 exists mainly in the green fluorescent, monomeric form. After incubating for 20 min, the cells were washed with PBS for 3 times and submitted to fluorescence microscopy analysis. The JC-1-loaded cells were excited at 488 nm, and the emission was detected at 590 nm (JC-1 aggregates) and 525 nm (JC-1 monomers). Mitochondrial depolarization was indicated by an increase in the green/red fluorescence intensity ratio, which was calculated with Image J software. 
Western blot analysis
Statistical analysis
All of the data obtained in the experiments were represented as the mean±standard deviation (SD). The statistical analysis was performed using the SPSS 13.0 software package. Differences were determined using one-way analysis of variance (ANOVA), and P values of less than 0.05 and 0.01 were regarded as statistically significant.
Results
Bu-7 protects against rotenone-induced PC12 cell death
To investigate how rotenone influences neuronal cytotoxicity, PC12 cells were treated with various concentrations of rotenone (0, 0.1, 1, 5, 10, or 20 μmol/L) for 24 h. As shown in Figure 2A , rotenone induced a dose-dependent cytotoxicity in the PC12 cells. The cells were then treated for 24 h with various concentrations of Bu-7 with or without rotenone (1 μmol/L) to determine the effect of Bu-7 on the rotenone-induced cytotoxicity. The cells treated with rotenone demonstrated a viability of 69.2%±3.0%. We found that Bu-7 had a dose-dependent effect on cell viability after the rotenone treatment ( Figure  2B ), increasing the viability of the PC12 cells to 83.6%±3.2%, 72.3%±2.4%, and 87.3%±2.3% at a concentration of 0.1, 1 and 10 μmol/L, respectively, compared with the control group.
Bu-7 protects against rotenone-induced apoptosis
To determine how Bu-7 protects cells against rotenone, the PC12 cells were stained with propidium iodide (PI) and then analyzed using flow cytometry. The PC12 cells treated with rotenone (1 μmol/L, 24 h) showed an obvious apoptosis rate of 30.0%±1.0%, whereas Bu-7 treatment of the cells (0.1, 1, and 10 μmol/L) significantly attenuated rotenone-induced apoptosis (21.6%±0.2%, 26.2%±1.4%, and 21.2%±0.4%, respectively, Figure 3 ).
Bu-7 attenuated the rotenone-induced mitochondrial potential reduction in PC12 cells
Normal PC12 cells stained with the JC-1 dye emitted a mitochondrial orange-red fluorescence with a small amount of green fluorescence. These JC-1 aggregates within the normal mitochondria were dispersed to the monomeric form (green fluorescence) after the addition of 1 μmol/L rotenone in the culture medium for 24 h (122.1%±8.2%). However, Bu-7 relieved the rotenone-induced mitochondrial depolarization, as shown by the fluorescent color changes from green to orange-red (87.1%±5.3%, 107.0%±4.7%, and 90.2%±2.6%, Figure 4 ). These data showed that rotenone induced mitochondrial membrane permeabilization and caused collapse of the MMP in PC12 cells, whereas Bu-7 significantly attenuated this response.
Bu-7 suppresses the levels of apoptotic proteins associated with p53 in rotenone injured PC12 cells, which is partly through the MAPK signaling pathway The MAPK signaling pathway may be involved in the intrinsic mitochondrial apoptosis pathway. The effect of Bu-7 on the expression levels of apoptotic proteins was determined using
Western blot analysis in PC12 cells exposed to rotenone. The rotenone treatment (1 μmol/L, 24 h) increased the phosphorylation status of JNK (218.0%±11.1%) and p38 (215.6%±42.0%), increased the expression of p53 (496.1%±10.0%) and the ratio of Bax/Bcl-2 (264.2%±16.1%), and increased the expression levels of cleaved (presumably active) caspase 3 (219.1%±25.0%).
The pretreatment with Bu-7 (0.1, 1, or 10 μmol/L) prevented the rotenone-induced increase of the above proteins in the same dose-dependent manner as was observed in the cell viability and apoptosis experiments ( Figure 5 ). 
Discussion
In our previous study, we found that Bu-7 increased the cell viability of PC12 cells injured by rotenone, 6-OHDA, and MPP + by MTT assay (unpublished observations). It is well known that rotenone, 6-OHDA, and MPP + cause neurotoxicity in cells in vitro [21, 22] ; thus, our previous data suggested that Bu-7 may have a positive effect on anti-apoptosis and mitochondrial protection. Therefore, in our present study, we utilized rotenone to create an in vitro cell model to study the protective effects of Bu-7 in PC12 cells and tried to find the possible underlying mechanisms.
Mitochondria are involved in cell survival and play a central role in apoptotic cell death signaling through the control of cellular energy metabolism, the generation of reactive oxygen species (ROS), and the release of apoptotic factors into the cytosol. Evidence showed that ROS are involved in the apoptotic mechanism of rotenone-mediated neurotoxicity [23] . The mitochondrial membrane permeability transition induces the formation of ROS by the inhibition of the respiratory chain and vice versa [24] . Our data showed that Bu-7 protected PC12 cell viability, decreased the apoptosis rate and attenuated the collapse of the MMP induced by rotenone in a manner that resembled an inverted bell-shaped curve. The results demonstrated that Bu-7 had a protective effect against rotenone injury in PC12 cells.
We then further investigated the protective mechanisms of Bu-7 against rotenone-induced apoptosis. Previous evidence from both postmortem PD brain tissues and cellular and animal models suggested that pathways involving p53/Bcl-2-family members may represent suitable targets in apoptosis in PD [25] [26] [27] [28] [29] . The activation of JNK and p38 were reported to be responsible for p53-dependent apoptosis including the inhibition of the anti-apoptotic Bcl-2 protein, which further promoted the caspase process, which had a general role in rotenone-induced apoptosis in neuronal cells [30] . It was observed in SH-SY5Y cells that rotenone induced apoptosis through the activation of the JNK and p38 signaling pathways, which indicated their role in neuronal apoptosis [31] [32] [33] [34] . Our results showed that rotenone (1 μmol/L) induced the phosphorylation of JNK and p38 after treatment for 24 h. Bu-7 pretreatment inhibited the rotenone-induced phosphorylation of both JNK and p38 and decreased the p53 level that was increased by rotenone. Bu-7 also prevented the increase of the Bax/Bcl-2 ratio and the increase of caspase 3 activity in the rotenonetreated PC12 cells. These results indicated that Bu-7 prevented the rotenone-induced apoptosis that is associated with the p53 pathway, which might occur through the inhibition of JNK and p38 activities.
Our experiments showed that the dose-response relationship of Bu-7 resembled an inverted bell-shaped curve. This kind of dose-response relationship has been reported previously [21, 35, 36] . It is common that a chemical binds to two or more targets/receptors with different affinities. At different doses, the compound may activate different receptors and produce different effects, even opposite ones, in which case, the dose-response relationship is irregular. Further research is required to identify the receptors in an effort to explain the inverted bell-shaped dose-response relationship for Bu-7.
In conclusion, we isolated Bu-7 from extracts of Clausena lansium leaves [17] and our present observations identified a beneficial role of Bu-7 against rotenone-induced apoptosis in PC12 cells that may operate via an inhibition of the p38/JNK pathway. Epidemiological studies revealed a correlation between general pesticide (ie, rotenone) exposure and an increased risk of PD; therefore, our findings suggested that Bu-7 could be used as a leading compound that might be useful for the treatment of PD. Because our research demonstrated the utility of the bioactive substances in Clausena lansium, we are systematically extracting and separating additional compounds from Clausena lansium leaves to find out chemicals which have higher bioactivities than Bu-7; at the same time, we are attempting to chemically modify Bu-7 to obtain an increased 
